Viscosity of Zr 55 Cu 30 Al 10 Ni 5 and Pd 40 Cu 30 Ni 10 P 20 supercooled liquid alloys having bulk metallic glass forming ability has been measured by using a penetration viscometer with a cylindrical probe under high speed heating conditions at heating rates between 20 and 400 C/ min in the temperature range from the glass transition temperatures (T g ) up to above the crystallization temperatures. The viscosity of these alloys decreased with increasing the heating rate and tended to saturate at the heating rate of 200 C/min and above. Their viscosity could be well represented by the Arrhenius relation. The activation energies for viscous flow for Zr 55 Cu 30 Al 10 Ni 5 and Pd 40 Cu 30 Ni 10 P 20 supercooled liquid alloys were about 350 and 250 kJ/mol, respectively. The viscosity was also fitted by a Vogel-Fulcher-Tammann (VFT) relationship over the entire temperature range.
Introduction
It is well known that a number of the multi-component alloys such as Zr 55 Cu 30 Al 10 Ni 5 and Pd 40 Cu 30 Ni 10 P 20 alloys exhibit a bulk glass forming ability. 1) In the glass forming process from the liquid, the most important factor is the temperature dependence of the viscosity of the supercooled liquid, and the viscosity is sensitive to the liquid structure at molecular level. In the case of the Zr-based alloys, however, it has been reported that the viscosity of the alloys increased significantly with increasing the solute-oxygen content.
2) In addition, the skin effects of oxide might be prominent on the viscosity measurements. [3] [4] [5] So the viscosity of the Zr 55 Cu 30 Al 10 Ni 5 alloys should be measured in short time periods for reducing the influence of oxygen contamination from the measuring atmosphere. The Pd 40 Cu 30 Ni 10 P 20 alloys might have also some problems for measuring the viscosity at high temperatures because of their evaporation of the phosphorus.
In the present study, the temperature dependence of the viscosity of the Zr 55 Cu 30 Al 10 Ni 5 and Pd 40 Cu 30 Ni 10 P 20 supercooled liquid alloys has been measured by using a penetration viscometer with a cylindrical probe under high speed heating conditions at the heating rate of between 20 and 400 C/min in the temperature range from the glass transition temperatures (T g ) up to above the crystallization temperatures. The viscosity in the supercooled liquid has been fitted by a Vogel-Fulcher-Tammann (VFT) relationship over the entire temperature range.
Experimental Procedures
Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glass sheets with a thickness of 2.5 mm, a width of 50 mm and the length of 50 mm were prepared by squeeze copper mold casting method in an argon atmosphere. Pd 40 Cu 30 Ni 10 P 20 bulk metallic glasses with a length of 100 mm and a diameter of 5 mm were also prepared by high-pressure die-casting of the melt into cylindrical copper molds with an inner diameter of 5 mm. The glassy structures of as-cast samples were examined by using an X-ray diffractometer using the Cu-K radiation (40 kV-20 mA). A penetration viscometer 6, 7) with a cylindrical W-indentation probe with a diameter of 1.0 mm was used to study the viscosity measurements in the viscosity range between 10 7 and 10 13 mPa-s (cP) as a function of temperature under the high speed heating rate conditions at the heating rate of between 20 and 400 C/min in a high purity He-gas atmosphere (purity: 99.999%). Applied stresses of 6.4 kPa were generated by the probe giving the probe to sample area ratio of about 0.03. The samples used for the viscosity measurements are a plate shape with a size of 5 mm Â 5 mm with the thickness of 2.5 mm for the Zr-based alloys and a cylindrical shape with 5 mm with the thickness of 2.5 mm for the Pd-based alloys. By measuring the penetration depth (H) of the indentation probe versus time (t), the viscosity of the samples is given by the following equation,
where, F, and r are applied force for the probe, viscosity of the samples, radius of the cylindrical probe, respectively. The (2rH) and (r 2 ) indicate the side face area and the bottom face area of the cylindrical probe, respectively. Both sides of the eq. (1) derived by , and then integrated by time, t, as follows; C/min in the temperature range from the glass transition temperatures (T g ) up to above the crystallization temperatures. The displacement values of the indentation probe during heating were normalized to the penetration depth for 1 s at each temperature. In the case of the Zr-based alloys, maximum speed of the indenter displacement was largely increased from about 7 to 700 mm/s with increasing the heating rate from 20 to 400 C/min, respectively, indicating that the influence of oxygen contamination from the atmosphere and the skin effects of oxides may be serious. In the case of the Pd-based alloys, the displacement was further increased from about 30 to 1800 mm/s with increasing the heating rate from 20 to 400 C/min, respectively. Surface oxidation of the Pd-based alloys was not observed visibly after the measuring, however, the evaporation effects of the phosphorus and its oxidation in the surface of the Pd-based alloys might be dominant. C/min. In both alloys, the viscosity decreased with increasing the heating rate and tended to saturate at the heating rate of 200 C/min and above. So, the acceptable values of the viscosity of these alloys can be measured under the high-speed heating conditions at the heating rate of 
Discussion

Environmental effects
As mentioned above, the viscosity of the Zr 55 Cu 30 Al 10 Ni 5 and Pd 40 Cu 30 Ni 10 P 20 supercooled liquid alloys should be measured under the high-speed heating conditions for reducing the oxygen contamination from the atmosphere, the skin effects of oxides and the evaporation of constituent elements such as phosphorus at high temperatures. Myung et al. 6) has also investigated the Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glass for the viscosity of the supercooled liquid by using the penetration viscometer. They have measured the viscosity under various applied stress conditions between 9.25 and 46.23 kPa and they concluded that the viscosity depended on the applied stress. These stress dependence of the viscosity may be mainly due to the skin effects of oxides. Kueber et al.
2) have investigated the viscosity of (Zr 65 Cu 17:5 -Al 7:5 Ni 10 ) 100Àx O x (X ¼ 0:2{2:1 at%) supercooled liquids by using the parallel-plate viscometer, and they reported that oxygen contents of less than 0.8 at% do not drastically affect the viscosity of the glassy phase, while the oxygen contents are more than 0.8 at%, viscosity of the supercooled liquid phase increased with increasing solute-oxygen. In the case of the Pd 40 Cu 30 Ni 10 P 20 alloy, surface oxidation was not observed visually after the measuring, however, the viscosity depended drastically on the heating rate. This may be due to the evaporation of the phosphorus and its surface oxidation on the Pd-based alloys.
Vogel-Fulcher-Tammann (VFT) relationship
In order to obtain information about the temperature dependence of the viscosity over the entire temperature range, the viscosity of Zr 55 Cu 30 Al 10 Ni 5 and Pd 40 Cu 30 Ni 10 P 20 supercooled liquids has been fitted by a Vogel-FulcherTammann (VFT) relationship. 14) ln They are plotted as shown in Fig. 6 . For comparison, the viscosity over the entire temperature range of Zr-Ti-Cu-NiBe bulk metallic forming liquids is also shown.
14) The ZrCu-Al-Ni and the Zr-Ti-Cu-Ni-Be bulk metallic glasses behave similar viscosity-temperature relationships over the entire temperature range and their viscosity is much higher than that of the Pd-Cu-Ni-P bulk metallic alloy.
Strong liquid behavior
It is well known that the silicate liquids usually show high viscosity in their liquid state and the low slope of the Arrhenius relationships in the supercooled liquid region.
They are called strong liquids. On the other hand, fragile liquids show low melt viscosity and an abrupt change of the kinetics close to the glass transition. 15, 16) Figure 7 shows the viscosity of the Zr 55 Cu 30 Al 10 Ni 5 and Pd 40 Cu 30 Ni 10 P 20 supercooled liquids in comparison with some metallic and nonmetallic glass forming liquids. 15, 16) In this case, the normalized glass transition temperatures (T g ) at the viscosity of 10 12 PaÁs and the VFT-temperatures (T 0 ) are calculated by above mentioned VFT-equations of (5) and (6) The strong/fragile behavior of the soopercooled liquids can be classified with dimensionless parameters, m and D. The former is defined as the slope of the viscosity curve shown in Fig. 7 at the vicinity of T g ;
where the fragility is high when m is high. D is the fragility parameter entering the modified VFT-equation;
where the DT 0 replaces the parameter B in conventional expression of eq. (4). Strong glasses present high value of D (D ¼ 100 for SiO 2 ), whereas for the fragile ones D is small. Table 2 shows the some m and D fragility parameters for metallic and non-metallic glass formers 15) containing the present results of Zr 55 Cu 30 Al 10 Ni 5 and Pd 40 Cu 30 Ni 10 P 20 alloys. These alloys behave closer to the strong glasses than the fragile glasses.
Conclusions
The viscosity of the Zr 
